A B S T R A C T Bile acid-independent secretion and the choleretic response to taurocholate were determined in rhesus monkeys fitted with indwelling silastic cannulas in the common bile ducts. Bile acids were infused intravenously in random order at 3.5, 7.0, or 10.5 ,umol/min for 1.5 h each. When data were analyzed with a single regression line, bile flow increased in proportion to the level of bile acid secretion, although the y-intercepts (the conventional measurement ofbile acid-independent secretion) varied widely (77.9±40.9 ml/24 h). The variation in y-intercepts was observed between animals and with repeated studies in the same animal and could not be explained by sex differences or the effects of the indwelling silastic cannulas, but seemed to be related to the order of bile acid infusion. With only two taurocholic acid infusion rates (7.0 and 3.5 ,umol/min), [Q4C]erythritol clearance was greater per mole of secreted bile acid when the initial bile acid infusion was at the high level, but approached zero at low bile acid secretion rates, which suggests that socalled bile acid-independent canalicular flow is closely related to bile acid secretion or is small in size. The augmentation in [14C]erythritol clearance when the high infusion rate was given first was also associated with an increase in biliary clearance of [3H] 
INTRODUCTION
According to present concepts, bile secretion is initiated by the active transport of bile acids from liver cells into the lumen ofthe bile canaliculus. The osmotic gradient created by the concentration of bile acids in the canalicular lumen results in passive diffusion of water and electrolytes and produces bile flow. Recent investigations with inert markers of canalicular flow such as erythritol and mannitol suggest that this primary bile production in the rat (1, 2) , rabbit (3), rhesus monkey (4, 5) , and man (6, 7) may not be entirely explained by the osmotic effects of the secreted bile acids. Sodium transport and the activity ofthe canalicular membrane-bound enzyme Na+, K+-ATPase have been postulated as possible determinants of this bile acidindependent canalicular secretion (3, 8) . This hypothesis is derived from indirect studies which have used various drugs and hormones to stimulate bile acidindependent canalicular flow in vivo and which have documented parallel changes in the activity of Na+, K+-ATPase in isolated liver plasma membranes from the same animal (9) . For example, ethinyl estradiol inhibits bile acid-independent flow and Na+,K+-ATPase activity (10, 11) , whereas thyroid hormone (12) and phenobarbital (1, 13) stimulate bile acid-independent flow and Na+,K+-ATPase activity. However, other mechanisms for modifying canalicular secretion may canalicular membrane structure during choleresis while taurocholate increases canalicular membrane phospholipid content (14) and may increase the activity of Na+,K+-ATPase when infused chronically into rats (15) . Bile acids also increase the permeability of hepatocyte junctional complexes in the rat and may allow fluid transfer into bile via paracellular shunt pathways (16) .
We have recently studied bile production in rhesus monkeys utilizing indwelling silastic catheters placed in the common duct for repeated collections of bile output (5) . In these investigations a linear relationship between [14C]erythritol clearance (canalicular bile flow) and bile acid secretion rate was observed. However, bile acid-independent canalicular secretion calculated by extrapolating a single regression line to the y-axis was quite variable, both between animals and when repeated studies of canalicular flow were made in the same animial, even though the flow of bile per mole of bile acid output remained relatively constant. Because bile acids were infused randomly and at different rates, the possibility existed that bile acids were modifying the so-called bile acid-independent fraction of canalicular flow. Results of these studies indicate that taurocholate, a micelle-forming bile acid, may under the conditions of these studies increase biliary permeability and thereby stimulate its own choleretic response.
METHODS
Animals and drugs. In preparationi for all studies, rhesus monkeys underwent total biliary diversion and were managed postoperatively as previously described (5) . Briefly, cholecystectomy was performed through a midline incision under phencyclidine anesthesia (Bio-Ceutic Laboratories, St. Joseph, Mo.). A silastic catheter was then threaded into the proximal common bile duct, looped through a subcutaneous pouch, ancl passed into the distal common bile duct. The animals were allowed to recuperate for 1 mo after surgery before studies were performed. Hematocrits, bilirubin, and alkaline phosphatase were measured biweekly, and bromsulphalein transport maximum was determined frequently to monitor hepatic function as previously described (5) . Tube patency was determined by cholangiography 2 wk after surgery and when liver chemistries or bromsulphalein transport maximum suggested obstruction, so that all animals were known to have patent bile ducts before study. All animals appeared well, gained weight throughout the period of study, and maintained stable hematocrits. In addition, specimens of bile cultured at the beginning of each study were sterile during the initial two studies of bile flow in every animiial. Later cultures from some animals dcemonstrated Klebsiella, Escherichia coli, and Aerobacter species, yet the animilals remained well.
Studies of bile flow were performed unider phencyclidine anesthesia in the morning after the animl-als had fasted for 12 h. An inicision was madle over the silastic tube, and the tube was opened for bile collection. Animals received normal salinle, 50-100 ml i.v., throughout each study and were infused with Sustagen (Mead Johnson & Co., Evanisville, Ind.) 3 ml/h by nasogastric tube to minimize spontanieous fluctuations in bile flow (4) . Temperature was mainitained at 38-38.5°C with a rectal thermometer and a heating pad. After the study the tube was rejoined with a tight-fitting silastic sleeve placed in the subcutaneous pouch, and the abdomen closed with a subcuticular suture. Animals were then returned to their cages where they were allowed to eat ad libitum and move freely.
Sodium taurocholate and sodium taurodehydrocholate (Calbiochem-Behring Corp., American Hoechst Corp. San Diego, Calif.) were examined by thin-layer chromatography and, when necessary, were recrystallized to obtain >95% purity. All solutions were subjected to ultrafiltration to minimize infection. In however, slopes and y-intercepts did not differ significantly between male and female animals (Table II) .
For (Fig. 3A) . Although the data appeared curvilinear by inspecept 77.9 a 40.9 tion, we were unable to fit a physiologically plausible 0.4 t 4.4 curved function to the data with computer-assisted curve-fitting techniques. The results could be most accurately represented with two regression lines for each experiment, calculated with data points measured during each of the two bile acid infusion rates (Fig. 3B) , as the slopes of the lines were significantly different during each bile acid infusion rate (Table IV) . At lower 200 rates of bile acid secretion, the y-intercepts appear to approach zero, which suggests that bile acid-independof bile acid ent flow becomes quite small. However, the slope of vith five dif-the regression line is greater at low bile acid infusion r individual rates if the high bile acid infusion is given first, which ndard devia-indicates greater choleretic efficiency of the bile acid tional single under these conditions (Fig. 3B) when the higher taurocholic acid infusion rate was given first (Fig. 4) . This led to an increase in [3H]inulin clearance with increasing bile acid output (Fig. 5) . These results suggested that changes in cell membrane or paracellular permeability might account for the augmented choleretic response observed when the higher rate of taurocholic acid infusion was given first. Determinants of bile flow measured during sodium taurodehydrocholate administration. To determine whether a nonmicelle-forming bile acid, sodium taurodehydrocholate, also altered biliary permeability under the conditions of these experiments, bile flow and [14C]erythritol clearance were measured as a function of bile acid secretion rate in four animals infused with sodium taurodehydrocholate 3.5 umol/min for 1.5 h followed by 7.0 ,umol/min for 1.5 h. In four other animals the same experiment was performed except that the infusion rates were reversed. In contrast to the finding with taurocholate infusions, there were no differences in y-intercept and slope when the higher rate of taurodehydrocholic acid was given first (Fig. 6). [3H]inulin clearance increased to a similar degree in these same studies with increasing rates of bile acid secretion (Fig. 7) , and [3H]inulin bile:plasma ratios were similar in the two groups of experiments (Fig. 4) . These results suggest that biliary permeability to [3H]inulin in these studies was not altered by the order of the taurodehydrocholic acid infusion (Fig. 4) . 
DISCUSSION
It has been customary to analyze the relationship between bile production and bile acid secretion by linear regression analysis, which relates the increment in bile flow to the rate of bile acid secretion. Such data have been collected from a variety ofmammalian species including man, and indicate that bile acids are a major determinant ofbile production, presumably through an osmotic effect, although the magnitude offlow generated per mole of secreted bile acid varies in different animals (1-7, 19, 20) . When canalicular bile secretion is determined by measurement of clearances of solutes such as erythritol or mannitol, extrapolation of the linear regression line to zero bile acid secretion has arbitrarily defined a bile acid-independent fraction, the origin of which is the subject of considerable investigation. This fraction of canalicular secretion has always been a derived value because it has never been possible to study bile secretion under conditions where bile acids were totally absent; some hepatic synthesis and excretion of bile acids always occurs even in the isolated perfused liver deprived of its enterohepatic circulation.
In these studies, when three rates of taurocholic acid were infused and data were analyzed using conventional single regression lines, the increase in bile production per mole of secreted bile acid was higher (20.7 ,u/,umol bile acid) than in man (7.0,ul/,mol), dog (8.0 pIl/4mol), or even the rat (15.0 ulL/,mol) ( Figs. 1  and 2 ). Although the reasons for these well-documented differences in the choleretic response to bile acids in different species are not entirely known, data from this study suggests that they might be related in part to permeability differences within the biliary tree, as will be discussed subsequently. In addition, basal bile production in these studies in rhesus monkeys was 15.0 Al/min per kg body wt, larger than the value of =6.0 ,l/min per kg body wt in the dog and man (6, 20) , but considerably smaller than the average value of 65 ,ul/min per kg body wt observed in rats (2) .
The increment in [14C]erythritol clearance per mole of secreted bile acid was greater than that observed for total bile production (Fig. 1, Table I ), unlike previous studies in the rhesus monkey where regression lines were parallel (4). However, in this study, bile:plasma ratios of [14C]erythritol were always constant and always >1.0 so that divergent regression lines would be Taurocholate it became clear that the magnitude of the choleretic response could be substantially varied by the magnitude ofthe initial rate ofbile acid infusion, and that a simple linear regression analysis of bile acid excretion and canalicular bile production does not accurately describe the relationship. Recent findings in bile acid-depleted rats have demonstrated that the relationship between bile flow and bile acid secretion is actually curvilinear, perhaps because micelle-forming bile acids such as taurocholate may increasingly aggregate and thus diminish their effective osmotic activity as the rate of bile acid excretion increases (23) . The relationship between bile flow and bile acid secretion in monkeys may also be curvilinear; however, regression lines calculated from data points measured during infusion of each of the two bile acid infusion rates best described the data (Fig. 3) . The lines calculated during the lower bile acid secretion rate approached zero bile flow and bile acid secretion more closely, regardless of the initial rate of bile acid infusion (Fig. 3B) . These findings raise the distinct possibility that in the rhesus monkey micelle-forming bile acids such as taurocholate are the major determinant of hepatic bile formation and that the bile acid-independent fraction is either a misnomer or very small in size.
Although cholangitis and sex differences between animals do not explain these results, it is not entirely clear why reversing the order of bile acid infusion from high rates followed by low rates to low rates followed by high rates should modify the bile acid choleretic (19) (20) (21) . Such data are consistent with absorption by the bile ducts of a constant fraction of canalicular bile with increasing rates of canalicular secretion (22) .
When the linear regression lines relating [14C]-erythritol clearance to bile acid secretion were extrapolated to the ordinate in this study, however, wide variation was found in the bile acid-independent fraction which was unanticipated (Figs. 1 and 2) . However, when only two rates of taurocholic acid were infused, O A the initial bile acid load which is presented to the liver for excretion and which interacts with portions of its cytoplasmic and surface membranes. Subsequent infusions ofbile acids might then have less ofa modifying effect, but the question remains to be explained. Nevertheless, the observation is clear and appears to be related specifically to the structure of bile acids as this phenomenon was seen only with the infusion of taurocholate, a micelle-forming bile acid which also stimulates hepatic phospholipid synthesis and excretion (24, 25) , but was not observed with infusions of dehydrocholate, a bile acid which does not alter phospholipid metabolism (14) . Fig. 8 and has been discussed in detail in previous publications (26) (27) (28) (Fig. 8) . These calculations lend further support to the concept that taurocholate is capable of altering biliary permeability.
The mechanism by which a change in permeability of the biliary tree occurs remains to be established, although several possibilities must be considered. Bile acids are amphipathic and are capable of insertion into the lipid-water interphase as has been suggested for erythrocytes (29) (30) (31) , thus resulting in altered membrane permeability to water, inorganic anions, and inert molecules such as inulin. Scanning electron microscopic studies from our laboratory demonstrated irregularities and outpouchings in the canalicular surface membranes Bile Flow (ml/24h) 300 FIGURE 8 Predicted differences in the diffusion permeability constant (K) during administration of7.0 ,umol/min taurocholic acid followed by 3.5 ,umol/min (solid lines) and 3.5 umol/min taurocholic acid followed by 7 of rats infused with bile acids, alterations which might occur through such a bile acid-canalicular membrane interaction and account for some of the differences in choleretic effect which we observed. In addition, an initial infusion of 7.0 gmol/min taurocholic acid might produce an increase in hepatic synthesis of phosphatydyl choline (24, 25) , thus resulting in an increase in the phospholipid:cholesterol ratio in canalicular membranes and enhanced membrane permeability, an effect not observed with dehydrocholic acid (14) . Alteration in the permeability of the hepatocyte junctional complexes is yet another mechanism whereby taurocholate may increase the biliary clearance of inulin and augment its choleretic effect, particularly because recent studies in the rat indicate that taurocholate and taurodehydrocholate-induced choleresis increase hepatocyte junctional permeability to ionic lanthanum (16) . If such a mechanism occurs in the rhesus monkey, it remains unclear why the increase in [3H]inulin clearance was observed only with taurocholate and not with taurodehydrocholate, although species differences of bile acid effects on junctional anatomy might explain this difference.
A final possibility is that bile acids such as taurocholate may modify the activity of liver plasma membrane Na+, K+-ATPase which in turn may be linked to the generation of bile acid-independent secretion. Although recent studies, which localize this enzyme to basolateral portions of the hepatocyte, cast doubt on the concept of a simple sodium-potassium exchange across the apical or canalicular membrane (32), Na+,K+-ATPase activity does correlate with bile acid-independent secretion in many studies (1, 3, (8) (9) (10) (11) (12) (13) (15) have demonstrated enhanced bile acid-independent canalicular flow and high specific activity of Na+,K+-ATPase in canalicular membranes from livers ofanimals subjected to partial bile duct ligation or given 48-h infusions of bile acids. These findings imply that there is a relationship between bile acid flux and the activity ofthese membrane enzymes. Unfortunately, the permeability of the biliary tree has not been measured in this model.
Whatever the final explanation, these findings emphasize the close relationship between bile acid flux, biliary permeability, and the magnitude of the choleretic response associated with bile acids. The possibility must be considered that the flux of bile acids into bile may have a major influence on bile acid-independent canalicular flow.
